e interface behavior between wheat and concrete plays a decisive role in the design of silo structures. In this paper, a series of strain-controlled monotonic direct shear (MDS) tests, cyclic direct shear (CDS) tests, and postcyclic direct shear (PCDS) tests were conducted to investigate the wheat-concrete interface behavior under monotonic and cyclic loading. e in uence of cycle numbers, shear displacement amplitude, normal stress, and preloading consolidation was discussed in detail. In particular, the preloading consolidation simulates the partly discharging state of wheat. e values of peak stress increase with increasing displacement amplitude and cycles, and they change slightly after 10 cycles. e interface exhibits an overall contraction deformation during the MDS tests without preloading, but the contraction is suppressed by an alternating dilation during the DCS tests, and an overall small dilation occurs at small normal stress during PCDS tests. It is observed that the cyclic loading and preloading normal stresses result in an increasing peak strength, internal friction angle, and apparent cohesion, whereas a decrease in interface contraction deformation.
Introduction
e concrete silos called as special structures are traditionally used to store various materials, such as food grain, cement, and powder material [1, 2] . e stored materials experience interactions with concrete silo walls. e wheatconcrete interaction mechanical properties play a key role in silo design [3] [4] [5] [6] [7] . In particular, a large portion of granular wheat in China is stored in concrete silos for three to ve years, which is much longer than that in other developed countries [8, 9] . Moreover, the stored wheat materials may be fully loaded into silos and partly unloaded several times, which results in preloading normal stress. Investigating the wheat-concrete interface shear behavior during storage time is of primary requirement in the design of silo structures.
Since the establishment of Janssen's theory in 1895, the static properties of wheat-wall interface were studied by many researchers [3, 4, [10] [11] [12] [13] [14] [15] [16] . Actually, granular wheat materials will experience storage, handling, or transportation process after their harvest, usually resulting in interface's shearing behavior. In addition, wheat materials may be subjected to dynamic loading resulting from earthquake or vibration, which include monotonic, cyclic, and postcyclic loadings. In contrast, the dynamic behavior of wheat-concrete interfaces under cyclic loading has not been so broadly considered. e properties developed for static loading are not directly suitable on predicting the behavior in dynamic loading conditions [17] [18] [19] [20] . erefore, it is necessary to acquire the interaction mechanism between concrete and granular wheat, which is greatly in uenced by the loading conditions and stored materials [21, 22] . e conventional direct shear device can accommodate small particle specimens, such as sand, clay, silt, and so on. In recent years, some large-scale direct shear devices were used in geotechnical engineering for geotextile interface, sandstone materials, etc. [23] [24] [25] [26] . e size of agriculture grain falls between sandstone and sand. e behavior of agricultural granular material has some di erence from that of soil because of the grain shape, grain respiration action, and so on. erefore, a dynamic direct shear device was developed suitable for agriculture grain to investigate the dynamic and monotonic shear properties of granular wheat.
In this paper, the shear stress and deformation behavior of wheat-concrete interface are presented from the monotonic and cyclic direct shear tests. Firstly, monotonic direct shear tests were conducted to discover the static shear behavior of wheat-concrete interface. Secondly, the influence of prepeak cyclic and postcyclic loading on the interface shear behavior is discussed using cyclic direct shear tests and postcyclic shear tests. e influence of shear displacement amplitude, cycle numbers, normal stress, and preloading stress is also examined in detail.
Materials and Methods

Materials.
e wheat used is winter wheat grown in Henan Province, China. e dry basis moisture of wheat is 10.6%, which is obtained by drying the wheat flour in an oven at temperatures of 105-110°C for at least 3 hours according to GB5497-85 [27] . e particle size of granular wheat is large enough to be inspected with naked eyes. e particle size distribution is conducted to quantify the specimen uniformity. In the case of granular wheat, the sieve analysis method is used to describe the particle size distribution. Two coefficients have been defined to provide guidance on distinguishing wheat based on the distribution of the particles. One of these is a numerical measure of uniformity, called the uniformity coefficient, C u , defined as equation (1) . e other coefficient is the coefficient of curvature, C c , defined as equation (2):
where D 60 is the diameter of the wheat particles for which 60% of the particle are smaller and D 10 is the diameter of the wheat particles for which 10% of the particle are smaller. Both of these diameters are obtained from the grading curve shown in Figure 1 . It is observed from Figure 1 that the effective particle size D 10 , the uniformity coefficient C u , and coefficient of curvature C c is 3.4 mm, 1.2, and 1.0, respectively, which indicates the wheat is a uniformly graded granular material. e void ratio and the relative density of sample are calculated using the following equations, respectively:
where the value of ρ s equals to the specific gravity of wheat G s of 1.34, ρ is the density of wheat mass, and e is the void ratio. e limit maximum and minimum void ratio of the granular wheat is 0.668 and 0.450, referring to the test method of SL237-1999 [28] . In this study, the cylinder concrete block is used in the lower shear box with 100 mm in diameter and 50 mm in height. e concrete mixture is poured into the mold and cured for 14 days, which is considered as the impervious concrete material according to the concrete codes in China. e concrete block with density of 2200 kg/m 3 is mixed with fine sand, cement, and water.
Developed Direct Shear Test Apparatus.
e test apparatus as shown in Figure 2 is newly developed based on common direct apparatus in geotechnical engineering. e direct shear apparatus consists of applied loading system, measurement system, shear box, and supported table. e shear box is divided by two half parts of upper box and lower box. e lower half shear box (150 mm × 150 mm ×50 mm) is driven by an electric motor to move horizontally, whereas the upper half is fixed in the same direction. e sample contact size is 100 mm in diameter. e vertical stress is applied by a lever with weights independent of the horizontal shear stress. e device can provide horizontal cyclic shear as well as static shear with a displacement-controlled motor. e shear rate is controlled from 0.01 to 5 mm/min by using an electric motor. e horizontal and vertical displacements are captured by the linear variable differential transformers, corresponding to the maximum capacity of 25 mm and 50 mm by a precision of 0.01 mm. All loads and displacements measurements are acquired automatically by the measurement system.
Test Procedure.
e test sample was prepared by pouring wheat into the upper box in 5 layers with the specified mass of wheat, while the concrete plate was put into the lower shear box. e specified mass of wheat in the upper was calculated using equation (1) at a void ratio of 0.532, which is also calculated at the relative density of 55% using equation (2) . e monotonic, cyclic, and postcyclic behaviors of wheat-concrete interface were evaluated by a series of monotonic and cyclic direct shear tests. According to 2 Complexity SL237-015, ASTM D5321, and preliminary experiment, the shearing rate was set as 2.4 mm/min for reducing stress fluctuation during shearing [24] .
In the monotonic direct shear (MDS) tests, the lower shear box was driven following path ① from the position 0 shown in Figure 3 . e tests were terminated at a horizontal shear displacement of 20 mm. e applied normal stress is 50 kPa, 100 kPa, and 150 kPa, respectively. e preloading consolidation of 200 kPa was also considered, which simulated the process from full filled to partly unloaded during wheat storage stage. In this condition, the preloading of 200 kPa was firstly applied; then, the normal stress is unloaded to the constant value of 50 kPa, 100 kPa, and 150 kPa, respectively.
In the case of cyclic direct shear (CDS) tests, as seen in Figure 4 , the loading shear path follows ①-②-③-④, which is defined as one cycle. During postcyclic direct shear (PCDS) tests, the loading path follows 0-① continuously after the last loading cycle of the CDS test stage. All the tests start from Point 0 as shown in Figure 3 . Different influence factors, including cycle numbers, maximum shear displacement, normal stress, and preloading are considered in these tests. e details are listed in Table 1 .
Test Results
Monotonic Behavior of Wheat-Concrete Interface.
e development of horizontal shear stress and vertical displacement with horizontal shear displacement of wheatconcrete interface is shown in Figure 4 for MDS tests. In these tests, the imposed constant normal stresses are 50 kPa, 100 kPa, and 150 kPa, respectively. e wheat sample with a void ratio of 0.532 was poured into the upper shear box, while the concrete block is placed into the lower half. e tests with a preloading of 200 kPa is considered compared with those applied by constant normal stress of 50 kPa, 100 kPa, and 150 kPa, respectively, which simulates partly unloaded condition during the storage. e shear stresses of interfaces under various normal stresses in Figure 4 (a) increase quickly to the peak value and then nearly maintain a constant strength with a little fluctuation. It exhibits strain-softening behavior with different levels of strength decreasing after peak strength. e preloading of 200 kPa enhances the interface strength at various normal stresses as shown in Figure 4 (a). For example, under normal stresses of 50 kPa, 100 kPa, and 150 kPa, the peak strength without preloading was 21.9, 38.6, and 54.5 kPa, respectively, while the peak strengths were 25.1, 43.3, and 57.8 kPa with an applied preloading of 200 kPa.
Corresponding to the curve of vertical displacement against shear displacement, the contraction and dilation are denoted as negative and positive values, respectively. An overall contraction deformation is observed at a constant normal stress of 50 to 150 kPa with dotted line as plotted in Figure 4 (b). However, the preloading greatly reduces the contraction deformation with a solid line as plotted in Figure 4 (b). Furthermore, even a small dilation deformation occurs at a normal stress of 50 kPa with preloading. Figure 5 presents the peak strengths for three normal stresses of 50 kPa, 100 kPa, and 150 kPa with or without preloading. e apparent adhesion c � 5.7 kPa and a peak friction angle of 18.0°were obtained for no preloading condition by using the Coulomb failure criterion. However, the peak strength was defined by apparent adhesion c � 9.3 kPa and a peak friction angle of 18.1°under the preloading condition. An obvious apparent adhesion occurred within the interface, which was also reported in other interfaces [24] [25] [26] . e preloading greatly enhances the apparent cohesion, while it has a slight increase in the interface peak friction angle. e strength behavior is similar to those of wheat materials and soil-structure interfaces; however, the interface dilatancy behavior shows some different behaviors [29] [30] [31] [32] [33] [34] . For example, the wheat-concrete interface shows mostly contraction deformation both in monotonic and cyclic loading process without any preloading process. Figure 6 . e loop curve of shear stress against shear displacement in the CDS test is plotted in Figure 6 (a). e interface peak shear strength increases significantly during the first cycle. For all the other loading cycles, the shear stress increase is slight until a stable value reaches the 10 th cycle. During each one cycle shown in Figure 6 (b), the value of positive peak strength (loading path from 0-①-②) is greater than that in the opposite direction (loading path from ②--③-④), implying the different cyclic shear behaviors in shear directions of wheat-concrete interface. e peak strength is 50.2 kPa in the first cycle (positive direction), and it reaches a stable value of 56.3 kPa (positive direction) at the end of 10 cycles for normal stress of 150 kPa with an initial void ratio of 0.532. It reveals the strength hardening with the cyclic loadings applied. e hysteretic loop area also expresses the strength hardening behavior, from which it increases with the increasing cycles and normal stresses ( Table 2 ). 50  100  150  50  100  150  2  4  6  3  5  7  2  170  256  361  139  254  339  134  416  719  264  251  262  3  171  259  368  142  259  338  132  426  725  267  255  268  4  169  262  368  145  259  336  130  420  727  252  269  5  173  264  369  145  261  332  132  421  725  251  263  6  176  263  370  142  259  330  129  419  737  263  7  174  265  368  142  256  334  130  425  734  262  8  175  264  364  142  253  335  131  421  729  9  177  267  358  141  262  336  131  422  736  10  175  265  358  142  259  338  128  422  740  Average value  173  263  365  142  258  335  131  421  730  265  252  265 Complexity 5
With regards to the volumetric behavior, obvious contraction deformation appears in the CDS tests as shown in Figure 6 (c). During each shear cycle, the vertical displacement experiences overall contraction (loading path from 0-①) and some dilation in the initial stage later with a pronounced contraction (loading path from ①-④). It can be discovered that the contraction contributes a leading deformation at each cycle and a whole contraction deformation performed during the applied cyclic loading. A gradual decreasing rate of contraction with the number of cycles can also be obtained in Figure 6 (c). e cumulative vertical displacements in 10 cycles were 0.50, 0.68, 0.80, 0.89, 0.96, 1.01, 1.05, 1.09, 1.13, and 1.16 mm, respectively, implying a decreasing vertical displacement increment with cyclic numbers.
Interface Strength in PCDS Compared with MDS.
e postcyclic monotonic loading was conducted after cyclic loading, which was also named as postcyclic direct shear (PCDS) stage. In this study, the peak shear strength at each cycle did not reach its peak value in the MDS tests. e shear stress versus shear displacement curves in the PCDS test were compared with those from the MDS test shown in Figure 7 . It presents a distinct peak strength value for the two monotonic loading conditions at the same normal stress Complexity with a void ratio of 0.532. e peak strength was enhanced during the cyclic loading stage. e curve of shear stress against shear displacement exhibits different stress softening degrees at various normal stresses. e shear displacement for peak strength during the PCDS stage was larger than that in the MDS test. e peak strengths at normal stresses of 50 kPa, 100 kPa, and 150 kPa are 21.9 kPa, 38.6 kPa, and 54.5 kPa in MDS tests, with the corresponding shear displacements of 6.7 mm, 9.9 mm, and 10.9 mm, respectively. For PCDS tests, the peak strengths at normal stresses of 50 kPa, 100 kPa, and 150 kPa are 25.4 kPa, 45.3 kPa, and 61.2 kPa, respectively, which are corresponding to shear displacements of 9.1 mm, 10.2 mm, and 11.9 mm, respectively. e apparent adhesion c � 5.7 kPa and a peak friction angle of 18.0°were obtained for the MDS test based on the coulomb failure criterion as shown in Figure 8 . e peak strength was defined by apparent adhesion c � 8.1 kPa and a peak friction angle of 19.7°for the PCDS test. e cyclic loading has a slight effect on the apparent cohesion. e similar results are observed for the residual of MDS and PCDS tests as shown in Figure 8 . e vertical displacements in PCDS tests differ greatly from those in MDS tests as shown in Figure 7 (b). It can be seen that vertical displacement exhibited far less contraction in PCDS than that in MDS tests. Even some dilative behaviors were seen in the PCDS test, whereas the overall contraction occurred during the MDS test.
Discussion
Influence of Cycle Numbers.
e influence of cycle numbers 1, 3, 5, 7, and 10 was plotted in the curve of shear stress versus shear displacement of the interface shown in Figure 9 . e void ratio of sample is 0.532 at a normal stress of 100 kPa without preloading. e peak strength values in PCDS were 38.8 kPa, 40.0 kPa, 41.7 kPa, 43.3 kPa, and 45.3 kPa, respectively, for cycle numbers 1, 3, 5, 7, and 10. It is found from Figure 9 (a) that the mobilized shear stress increased with the increasing cycle number during the PCDS stage. Furthermore, the densification caused by cyclic loading affects the final peak strength significantly during the cyclic loading stage, which tends to be a denser sample for the following postcyclic monotonic loading stage. It is shown in Table 2 that the hysteretic area has slight influence with different cycles during cyclic loading. e increment of vertical displacement at different cycle numbers exhibits a similar contraction deformation path at each cycle as shown in Figure 9 (b). e value of the final vertical contraction deformation increased with increasing cycle numbers, while the generation rate decreased with the increasing cycle number.
Influence of Semiamplitude Shear Displacement Δa.
e experiment results in Figure 10 show the influence of different semiamplitude shear displacement Δa on cyclic and postcyclic strengths. It is found that the peak strength is affected by Δa in the initial cycles. However, the peak strength trends to be constant in the 10 th cycle for different levels with different values of Δa. As shown in Table 2 , the hysteretic area greatly increased with the increasing of Δa, which shows that the magnitude of cyclic loading has a significant influence on the energy dissipation. e values of interface peak shear strength in PCDS with Δa equals to 2 mm, 3 mm, 4 mm, and 6 mm were 45.1 kPa, 45.3 kPa, 46.0 kPa, and 44.8 kPa, respectively. It implies that the interface-mobilized peak strength during PCDS monotonic loading is slightly affected by Δa. e effect of Δa decreases with increasing loading cycles. For Δa of 6 mm, the peak strength exceeds the peak strength in MDS, which indicates the sample failed before cyclic loading resulting in the degradation of peak strength in PCDS test. In this paper, the Δa value of 3 mm is set for other tests. Figure 11 plots the curve of vertical displacement versus shear displacement with different Δa values. For each Δa, the interface experiences an alternating phase of initial dilation and large contraction during each cyclic cycle. It is also shown that the large contraction suppressed the initial dilation. e maximum contraction deformation during cyclic loading stage increased with the increase of Δa from 2 mm to 6 mm, which were 0.80 mm, 0.89 mm, 1.14 mm, and 1.25 mm, respectively.
Influence of Normal Stress.
e results in Figure 12 show the effect of normal stress on interface behavior in cyclic direct shear tests, which is 50 kPa, 100 kPa, and 150 kPa, respectively. e tests were undertaken at a shear displacement Δa of 3 mm and 10 cyclic numbers. It can be seen that the increasing normal stress causes an increasing ultimate peak shear stress. For normal stresses of 50 kPa, 100 kPa, and 150 kPa with a void ratio of 0.532, the ultimate shear stresses in the 10 th cycle were 21.5 kPa, 41.8 kPa, and 56.3 kPa, respectively. With the increasing of normal stress, the hysteretic area greatly increases, which shows an increasing resistance of cyclic loading. Figure 13 shows that interface displayed larger contraction subjected to larger normal stresses during the cyclic loading stage. For normal stresses of 50 kPa, 100 kPa, and 150 kPa, the maximum contraction during cyclic loading was 0.84 mm, 0.89 mm, and 1.16 mm, respectively, which were attributed to confinement of the interface.
Influence of Preloading.
During the storage conditions, the normal stress changed with the loading or partly unloading of wheat from silos. us, the effect of preloading is necessarily examined. e preloading is selected as 200 kPa and then unloaded to 150 kPa, 100 kPa, and 50 kPa. It can be obtained in Figures 14 and 15 that the cyclic peak strength and postcyclic peak strength are enhanced by the preloading greatly, whereas the contraction deformation decreases due to the densification of preloading. e interface strength parameters including apparent cohesion and friction angle at peak strength and residual strength during the PCDS and MDS stages are listed in Table 3 , which describes the effect of preloading on the strength parameters. It can be obtained that the apparent cohesion is enhanced by the preloading, whereas it had little effect on the friction angle.
Conclusions
e cyclic and postcyclic shear behaviors of wheat-concrete were evaluated by comparing with the monotonic shear behaviors. e effect of shear displacement amplitude, cycle numbers, normal stress, and preloading during storage periods were discussed in detail. e conclusions are as follows:
(1) e peak shear strength in PCDS tests is greater than those in MDS tests and CDS tests. e cyclic loading also enhanced the peak strength with increasing cycles. e contraction behavior occurred during all the tests, which decreases significantly with increasing loading cycles. (2) e value of peak stress increases with increasing cycle numbers and reaches a stable value at about the 10 th cycles. Both the Δa and cycle numbers enhance the contraction of interface. (3) e increasing of normal stress causes an increase of ultimate peak shear for MDS, CDS, and PCDS stages. e interface displays larger contraction subjected to larger normal stresses during cyclic loading. (4) e preloading strengthens the peak shear strength, whereas it reduced the contraction deformation of interface.
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